INTRODUCTION
Under appropriate conditions the reduced insulin A and B chains can be re-oxidized together to give the native hormone with reasonably good yields, and with A chain in excess yields of 50 % or better can be obtained (Du et al., 1961 (Du et al., , 1965 . As the total number of possible products when reduced A and B chains of insulin are oxidized together is immense indeed, taking into consideration all the oligomers that can be formed by random joining of the chains (Chance et al., 1981; Wang et al., 1987) , it has been suggested that the insulin A and B chains are capable of recognizing each other and that a correct pairing of the chains precedes the eventual formation of the disulphide bridges of the native hormone (Du et al., 1961) . However, in spite of the confirmation in different laboratories (Zahn et al., 1966; Katsoyannis et al., 1967) of the resynthesis of insulin from its chains in good yield and its successful application to the production of human insulin from the chains obtained separately by recombinant DNA technique (Chance et al., 1981) , the suggestion that the A and B chains of insulin do indeed contain sufficient structural information so as to be able to pair correctly in solution and that under certain conditions the insulin structure is the most stable of all the possible oxidation products containing both chains does not seem to have been generally accepted (Anfinsen & Scheraga, 1975; Brandenburg et al., 1977; Hillson et al., 1984) . This is probably partly due to the fact that previous workers (Varandani & Natz, 1970) failed to obtain the native hormone from ' scrambled' insulin with randomly joined disulphide bonds through thiol/disulphide exchange reactions catalysed by protein disulphide-isomerase under the conditions in which proinsulin can be obtained in 25 % yield from the scrambled molecule. It is known that this isomerase is able to promote the reshuffling of the disulphide bridges in a number of scrambled and hence inactive proteins, resulting in the formation of native conformation with full recovery of activity (Freedman & Hillson, 1980; Freedman et al., 1984) . It Paynovich & Carpenter (1979) with yields usually about 85 %, and the reduced chains were then prepared from the S-sulphonated chains by reduction with an excess of dithiothreitol as described previously (Wang & Tsou, 1986) . Protein disulphide-isomerase was prepared as described by Hillson et al. (1984) , and had a specific activity of 750 units/g of protein with scrambled pancreatic ribonuclease A as the substrate as defined by Ibbetson & Freedman (1976 (Mori & Wond, 1984) and an assay for its biological activity as measured by the stimulation of lipogenesis (Moody et al., 1974) .
RESULTS

From scrambled insulin
When a preparation of scrambled insulin with an initial activity of 4 % was treated with protein disulphideisomerase and dithiothreitol at pH 7.5 at 4°C, h.p.l.c. analysis (Wang & Tsou, 1986) of the products shows the * To whom correspondence should be addressed.
Vol. 255 (Fig. 1 b) or the enzyme alone ( Fig. 1 c) had very little effect on the composition of the products obtained, a comparison of Figs. 1 (a) and 1 (e) shows that, by treatment with both, the peak for the incorrectly joined products disappears nearly completely whereas the peak corresponding to the native hormone is greatly intensified. The yield of the native hormone obtained is usually about 20-25 %0 from scrambled insulin preparations (Table 2a) . The nature of peak 3 is further identified by the fact that receptor binding assay of a sample collected from the eluate of the h.p.l.c. column shows it has the same activity as an authentic sample of insulin (Fig. 2) . Furthermore, peak 3 has the expected amino acid composition of insulin (Table 1) . It should be pointed out that, as far as can be resolved by h.p.l.c. analysis, the product with native disulphide linkages is by far the predominant product obtained among all the possible isomeric structures containing both chains.
The insulin contents of the reaction products were also determined by competition of receptor binding with 1251-insulin and the results are shown in Fig. 3 . Results of assay for the biological activities of these products as measured by the stimulation of fat-cell lipogenesis are shown in Fig. 4 . The yields calculated from Figs. 3 and 4 are listed in Table 2 (a). The agreement between the yields obtained by h.p.l.c. analysis and by biological assay indicates that the peak that is eluted at the same position as active insulin consists predominantly, if not solely, of a product with full insulin activity. From the separately oxidized chains It is possible to obtain the native hormone from a mixture of the separately oxidized A and B chains with protein disulphide-isomerase and dithiothreitol, as shown by h.p.l.c. analysis (Fig. lf) , receptor binding and lipogenesis assay. The results are summarized in Table   2 (b) and the yield, about 100%, is not as good as that obtained either from scrambled insulin or from the Ssulphonated chains. It is possible that the oxidation of the separate chains does not necessarily lead to singlechain products but rather to oligomers formed by random joining of more than one molecule of the respective chains. This is especially likely for the B chain, as shown hv the complexity of its h.p.l.c. profile (Fig. I a) . It is also considerably less soluble than the reduced chain. From the S-sulphonated chains The joining of the S-sulphonated A and B chains to form native insulin as catalysed by the isomerase gives much better yields as compared with the joining of the oxidized chains. The results are shown by the h.p.l.c. profiles of the reaction products in the presence of dithiothreitol alone (Fig. lg) and in the presence of both the enzyme and dithiothreitol (Fig. lh) . The insulin contents of the reaction products were also determined by competition of receptor binding with '25I-insulin and 1 1 Table 1 . Amino acid analysis of the h.p.l.c. peaks of scrambled insulin before and after treatment by protein disulphide-isomerase Peaks 1, 2 and 4 were from a scrambled insulin preparation as shown in Fig. I (a) , and peak 3 was the same preparation after treatment with protein disulphide-isomerase as shown in Fig. 1 (e (Freedman, 1984; Kaderbhai & Austen, 1985) devoid of, biological activity. Although protein disulphide-isomerase has been successfully applied to the regeneration of native disulphide bonds and biological activities from a number ofproteins containing scrambled disulphide linkages (Freedman & Hillson, 1980; Freedman et al., 1984) , these have been carried out mostly with proteins consisting of a single peptide chain or with multichain proteins that are encoded by separate genes and the chains joined together post-translationally, such as the immunoglobulins (Roth & Koshland, 1981) . Varandani & Nafz (1970) reported that it was possible to increase the content of proinsulin to 370 from a preparation of the scrambled molecule containing originally 120% native proinsulin, but very little insulin was obtained from a scrambled insulin preparation containing about 20 insulin under similar conditions. The addition of the connecting C peptide increased the yield to about 12.8 %. However, results presented in the present paper show that under appropriate conditions native insulin can indeed be obtained without the addition of C peptide with a yield of 25-300 from a preparation of scrambled insulin containing originally 400 of the native hormone. This yield compares favourably with that given by Varandani & Nafz (1970) for proinsulin.
In preliminary work the effect of the amount of added isomerase on the regeneration of insulin from scrambled insulin was studied. It was found that an 8-fold variation of protein disulphide-isomerase (enzyme/substrate ratio 0.02-0.16:1) affected the rate of reaction, but had little effect on the final extent of insulin regeneration. This substantiates the catalytic role of protein disulphideisomerase in generating native insulin.
Similarly to the successful resynthesis of insulin from the reduced chains by oxidation (Du et al., 1961 (Du et al., , 1965 Zahn et al., 1966; Katsoyannis et al., 1967) , of the conditions employed a low temperature has been found to be important for the formation of native insulin from the scrambled molecule. The yield decreases progressively with increasing temperature. That low temperature favours the formation of native insulin has also been reported by Katzen & Tietze (1966) The successful generation of insulin from either the scrambled molecule or the separate chains indicates that the chains indeed contain enough structural information so that isomerization of the disulphide bonds leads to the formation of the native hormone in reasonably good yield. The role of the connecting C peptide in proinsulin is probably limited to bringing the two chains together so as to favour the formation of interchain disulphide bonds. This is in accord with the finding that the oxidation of the reduced chains with the C-terminal part of the B chain linked to the N-terminal of the A chain by a cross-linking reagent (Brandenburg & Wollmer, 1973) , which presumably contains no structural information, also gives good yield of the molecule with the native disulphide structure.
The total number of all the possible oxidation products containing one or both of the chains is immense indeed, as has been calculated by Chance et al. (1981) as well as by Wang et al. (1987) . Even if one considers only the products containing one each of the chains, as apparently Pruitt et al. (1966) did, there are 12 possible isomers. The h.p.l.c. profile of the products of the unscrambling reaction shows that, among the isomers containing both chains, the native hormone is by far the predominant product. It is therefore evident that, under suitable conditions, of all the possible oxidation products the native insulin structure is the most stable, and not a metastable form as has been previously suggested (Anfinsen & Scheraga, 1975; Brandenburg et al., 1977; Hillson et al., 1984) .
